Abstract. As a member of the vasohibin (VASH2) family, VASH2 is localized intracellularly as a nuclear and cytoplasmic type. Cytoplasmic VASH2 is associated with carcinoma angiogenesis and malignant transformation and promotes cancer growth. However, the function of nuclear VASH2 has yet to be investigated. The aim of the present study was to detect the nuclear VASH2 expression profile in human organs and tissues by protein microarray technique. To examine the function of nuclear VASH2, we analyzed the relationship between nuclear VASH2 and Ki-67, and stably constructed VASH2 overexpression and knockdown in LO2 and HepG2 cell lines, based on a previous study in hepatic cells. The study was conducted using bromodeoxyuridine, immunofluorescent staining, western blot analysis and flow cytometry. Nuclear VASH2 was highly expressed in actively dividing cells in normal and cancer tissues. There was a significant positive correlation between nuclear VASH2 and Ki-67, indicating that nuclear VASH2 positively correlated with cell proliferation in normal and cancer tissues. The bromodeoxyuridine (BrdU) proliferation test showed that nuclear VASH2 increased the S-phase population and promoted cell proliferation, while VASH2 knockdown reduced BrdU absorbance. Cell cycle analysis revealed that nuclear VASH2 overexpression increased the S-phase population in LO2 and HepG2 cells, while nuclear VASH2 knockdown reduced the S-phase population and increased the G 0 /G 1 population. The findings of this study challenge the classic view of VASH2, which was previously reported as an angiogenesis factor. Furthermore, to the best of our knowledge, these results are the first clinical data indicating that nuclear VASH2, but not cytoplasmic VASH2, promotes cell proliferation by driving the cell cycle from the G 0 /G 1 to S phase.
Introduction
Vasohibin-2 (VASH2) belongs to the VASH family, which also includes VASH1 (1) . VASH2 has been identified as a vascular endothelial growth factor (VEGF)-independent angiogenic factor and is expressed preferentially in mononuclear cells that are mobilized from the bone marrow (1, 2) . Initial analysis of VASH2 revealed that it is also present in endothelial cells (ECs) in developing human or mouse embryos and that its levels are reduced after birth (3) . It was reported that VASH2 is transcriptionally activated in human tumors, promoting angiogenesis and growth in hepatic, ovarian and endometrial carcinoma (4) (5) (6) . VASH2 has shown a strong and extensive ability to promote tumor by epithelial-mesenchymal transition (EMT), increase the proportion of stem cells and inhibit apoptosis, which beyond paracrine promotes angiogenesis and migration (7, 8) . VASH2 knockdown in cancer cells prominently inhibits growth and angiogenesis in tumors (9) . Furthermore, VASH2 is perceived as a cancer-promoting gene.
However, there are no reliable protein expression studies of VASH2 in human tissue (3) . Recently, rabbit anti-human VASH2 polyclonal antibodies were successfully generated for use in western blot analysis (WB) and immunohistochemistry (IHC) (10) . It was also determined that, different VASH2 isoforms have different intracellular localizations in HepG2 cells: one (311 amino acids) in the nucleus and the other (355 amino acids) in the cytoplasm (10) . According to these differing locations, VASH2 was classified as nuclear and cytoplasmic type (10) . Thus, differing locations of VASH2 may have different mechanisms of cell growth promotion. Previous studies have focused on full-length VASH2 (4) (5) (6) (7) (8) (9) , without a clear distinction between cytoplasmic and nuclear VASH2. In the present study, we focused on nuclear VASH2. Nuclear VASH2 expression was screened using IHC in human normal and cancer tissues and nuclear VASH2 was found to correlate positively with cell proliferation. The proportion of nuclear VASH2 positivity was positively correlated with the Ki-67-positive proportion in the normal and cancer tissues. Based on these findings, we hypothesized that nuclear VASH2 may be partially involved in the yet unknown mechanisms of cell proliferation. To confirm whether VASH2 is involved in cell proliferation, we stably constructed VASH2 overexpression and knockdown in LO2 and HepG2 cell lines. Cell proliferation was increased in nuclear VASH2-overexpressed cells and decreased in VASH2 knockdown cells. Nuclear VASH2 overexpression promoted G 0 /G 1 to S phase progression, while VASH2 knockdown induced upregulation of the G 0 /G 1 population. As far as we know, this is the first study to show that nuclear VASH2 promotes cell proliferation by inducing G 0 /G 1 to S phase progression. The present study provides a better understanding of the function of VASH2.
Nuclear vasohibin-2 promotes cell proliferation by inducing G 0 /G 1 to S phase progression

Materials and methods
Tissue microarray and IHC. High-density, multiple organ tumors and normal tissue microarray (MC5003a) and multiple organ normal tissue microarrays (FDA999b) were purchased from Biomax (Rockville, MD, USA) for IHC. Squamous epithelial, adjacent non-tumor liver and hepatic cancer tissues were obtained from patients at the First Affiliated Hospital of Nanjing Medical University (Nanjing, China). Written informed consent was obtained from all the patients. The Research Ethics Committee of Nanjing Medical University approved the present study. Primary antibodies used in the present study were as described previously (10) : rabbit polyclonal anti-VASH2 (selfprepared) and rabbit polyclonal anti-Ki-67 (Fuzhou Maixin Biotechnology, Fuzhou, China). Ki-67 and nuclear VASH2 staining were evaluated by calculating the proportion of positively stained cells: One thousand cells were counted in each of the 10 randomly selected high-power fields.
Cell culture. The L02 cells were kindly provided by Professor Beicheng Sun of the Department of General Surgery, The First Affiliated Hospital of Nanjing Medical University (Jiangsu, China). Human HepG2 liver cancer cells were obtained from the American Type Culture Collection (ATCC; Manassas, VA, USA). The cells were cultured in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS) (both from Wisent, QC, Canada) and 100 mg/ml penicillin and 100 mg/ml streptomycin (HyClone, Logan, UT, USA) at 37˚C in 5% CO 2 .
Plasmid construction and lentivirus packaging. The highly expressed VASH2 (355 amino acid residues) plasmid fused with the DDK tag at the c-terminal was constructed as previously described (15) . VASH2 cDNA (encoding for 311 amino acid residues) purchased from Origene (Rockville, MD, USA) was fused with V5 tag at the c-terminal and cloned into the Lv-CMV-EGFP vector. The plasmids were verified by sequencing (Invitrogen, Shanghai, China). Lentiviral (Lv) constructs were designed to induce nuclear VASH2 overexpression and knockdown, as previously described (4,10). The primer pair for the VASH2 plasmid (311 amino acid residues) was as follows: forward, 5'-CGGCTAGCCCCACCATGA CCGGCTC-3' and reverse, 5'-AACTGCAGCTACGTAGAA TCGAGACCGAGGAGAGGGTTAGGGATAGGCTTACCA ATTCGGATTTGATAGCCCACTT-3' (V5-tag) (10) . LO2 and HepG2 cells were stably transfected with Lv-cytomegalovirus (CMV)-VASH2 for VASH2 overexpression (encoding for 311 amino acid residues) and designated as LO2-VASH2 and HepG2-VASH2, respectively. LO2 and HepG2 cells stably transfected with Lv-CMV-EGFP (enhanced green fluorescent protein) as controls were designated as LO2-EGFP and HepG2-EGFP, respectively. LO2 and HepG2 cells stably transfected with VASH2-targeting short hairpin RNA (shRNA) lentivirus for VASH2 knockdown (both 355 and 311 amino acid residues were downregulated) were designated as LO2-shVASH2 and HepG2-shVASH2, respectively. For knockdown, the shv2 construct, with ≥85% knockdown efficiency, was used for subsequent studies (Fig. 4) . This shRNA sequences used for subsequent studies were: shVASH2, 5'-CCGGTTTGACT TTGAGGACTCTTACCTCGAGGTAAGAGTCCTCAAAG TAAATTTTTG-3'; shScrambled, 5'-CCGGCCTAAGGT TAAGTCGCCCTCGCTCGAGCGAGGGCGACTTAACCT TAGGTTTTTG-3' (4). LO2 and HepG2 cells stably transfected with scrambled shRNA lentivirus as controls were designated as LO2-shcont and HepG2-shcont, respectively.
Immunofluorescence. HepG2 cell line was arrayed in a 24-well plate (Corning Inc., NY, USA) and immunofluorescence was performed as previously described (11, 12) . The polyclonal antibodies were diluted as previously described (10) . Mouse-anti-DDK antibody was purchased from Abmart (Arlington, MA, USA). The secondary antibody used was the goat anti-rabbit IgG-dylight 593 (Sigma-Aldrich, St. Louis, MO, USA). The nucleus dye, 10 µg/ml DAPI (Sigma-Aldrich) was diluted in PBS. The cells were then observed under a fluorescence microscope (Olympus, Tokyo, Japan).
Bromodeoxyuridine (BrdU) cell proliferation assay.
Cultured cells (1x10 5 /well) were plated in 96-well plates. Cell proliferation at 24, 48 and 72 h was evaluated using a BrdU Cell Proliferation Assay kit (cat. no. 11647229001; Roche Applied Science, Mannheim, Germany) according to the manufacturer's instructions. The cell proliferation rate was determined by measuring the absorbance at 492 nm using a computer-controlled microplate reader (Multiskan FC; Thermo Scientific, Waltham, MA, USA) (13) .
Fluorescence-activated cell sorting analysis. Cells were collected, washed with 300 µl cold phosphate-buffered saline and precipitated with 3 ml cold 75% ethanol. Cells to be used for fluorescence-activated cell sorting (FACS) were stored at -20˚C in 75% ethanol for 16 h, stained with propidium iodide for 30 min at 37˚C and the DNA content analyzed using a FACS Calibur unit (BD Biosciences, Allschwil, Switzerland) (14) .
Nuclear extraction analysis and western blot analysis.
Cytoplasmic and nuclear protein samples were isolated using a Nuclear Extraction kit 2900 (Millipore, Billerica, MA, USA) according to the manufacturer's instructions. Total cell lysates were prepared using a radioimmunoprecipitation assay buffer (Beyotime, Nantong, China). Protein quantities of 40 µg/lane for LO2 cell synchronization were used for western blotting. Polyvinylidene difluoride membranes (Millipore) were blocked with 5% non-fat dried milk and incubated overnight at 4˚C with the appropriate primary antibodies. The rabbit anti-human VASH2 polyclonal antibody was used as reported previously described (10) .
Statistical analysis.
A two-sample t-test was performed to compare the mean IHC scores for nuclear VASH2 between benign and malignant tissues overall and in a specific organ/system. The Spearman's rank correlation test was used for correlation analysis between nuclear VASH2 and Ki-67. Cell cycle group comparison was performed using an independent sample t-test. We used the Student-Newman-Keuls test for inequality of unpaired multiple data sets to determine significant differences in BrdU absorbance in the 24-, 48-and 72-h groups.
Results
Screening of nuclear VASH2 expression in normal and tumor tissues. We used a tissue microarray chip (547 specimens) to identify expression trends to analyze nuclear VASH2 expression in human normal and tumor tissues. Based on the tissue microarray, there were 34 normal human tissue (140 specimens), 22 primary malignant tumor (383 specimens) and 9 tumor-adjacent normal tissue types (24 specimens). There was positive VASH2 staining in 27.1% (38/140) of the normal human tissues. The 16 VASH2-negative normal mature human tissue types were derived from the ovary, breast, tonsil, thymus gland, lung, cardiac muscle, stomach, liver, prostate, skeletal muscle, peripheral nerves, mesothelium, larynx, soft tissue, colon and bladder (Fig. 1A) . VASH2 expression localized to the nucleus was detected in the remaining 18 tissue types, including the cerebrum (3/6), cerebellum (1/3), adrenal gland (2/2), parathyroid gland (2/3), hypophysis (2/3), testis (4/8), pancreas (2/8), spleen (3/3), small intestine (2/3), salivary gland (1/2), kidney (1/3), endometrium (1/3), skin (6/7), brain (2/5), thyroid (2/8), lymph node (2/5), cervix uteri (1/1) and esophagus (2/5) (Fig. 1A) .
In the normal tissue specimens, there was usually an absence of cell proliferation in the nuclear VASH2-negative tissues (Fig. 2) , whereas there was usually strong cell and nuclear division and cytokinesis in nuclear VASH2-positive tissues (Fig. 2 ). There was deep nuclear VASH2 staining in the basal and parabasal layer cells of normal skin, small intestine, cervix uteri and esophageal tissues and these tissues were accompanied by numerous mitotic figures (Fig. 2) .
We observed positive nuclear VASH2 staining in seven tumor-adjacent normal tissue types, including colon (2/2), salivary gland (1/1), skin (1/1), eye (2/3), larynx (1/1), ovary (1/4) and uterine cervix (6/7) (Fig. 1B) . The nuclear VASH2-positive proportion in primary malignant tumor tissue specimens (22 tumor types) (64.8%, 248/383) ( Fig. 1) was significantly higher than that of normal tissues (27.1%, 38/140, P<0.001). In addition, the tumor tissues were characterized by high proliferation capability (20) . A high VASH2 expression in the nucleus was correlated with strong cytokinesis; dark, pathological mitotic figures; large, deeply stained nuclei and a high nucleo-cytoplasmic ratio (Fig. 2) . However, these results need to be reconfirmed with an increasing size in these tissues. Table I showed significant differences in the expression levels of nuclear VASH2 between benign and malignant changes in different tissues. Based on these observations, it was determined that nuclear VASH2 may correlate with cell proliferation.
Positive correlation of nuclear VASH2 with cell prolife ration. To examine the relationship between nuclear VASH2 and cell proliferation, we investigated nuclear VASH2 expression in proliferative normal squamous epithelium, adjacent non-tumor liver and hepatocarcinoma tissues. Proliferation was assessed by detecting Ki-67, which is widely used as a proliferation marker in histopathology (15-18) . The Ki-67-and nuclear VASH2-positive proportion were highest in the basal layer (75.00±5.00 and 85.00±5.01%, respectively), intermediate in the parabasal layer (25.03±5.05 and 31.33±6.65%, respectively) and lowest in the superficial layer (2.10±1.15 and 4.00±1.00%, respectively) of normal squamous epithelium tissues (n=15, Fig. 3 ). We also calculated the Ki-67 and nuclear VASH2-positive proportion in the adjacent non-tumor liver tissues (n=15, 27.67±2.51 and 32.67±2.57%, respectively) and hepatocarcinoma tissues (n=15, 78.00±2.00 and 76.00±3.60%, respectively). The nuclear VASH2-positive proportion was positively correlated with the Ki-67-positive proportion in the basal (r=0.80, P<0.05), parabasal (r=0.61, P<0.05), superficial layer (r= 0.99, P<0.05), adjacent non-tumor (r= 0.59, P<0.05) and malignant liver tissues (r=0.88, P<0.05, Fig. 3 ). These observations suggested that nuclear VASH2 was positively correlated with cell proliferation.
Generation and identification of stably transfected cells.
Previous findings showed that full-length VASH2 promoted growth and angiogenesis in hepatocellular carcinoma (HCC) (4, 8) . Therefore, to investigate the functions of nuclear VASH2 in cell proliferation, we overexpressed and silenced nuclear VASH2 expression in LO2 and HepG2 cells. We constructed VASH2 overexpression (311 amino acid residues) and VASH2-knockdown lentiviral constructs, infected HepG2 cells and selected stably infected cells for further study. We confirmed expression levels using western blot analysis (Fig. 4) . The stable cells of LO2 were treated in the same manner as HepG2. To verify the localization of nuclear VASH2, immunofluorescence analysis was performed for the HepG2-VASH2 (transient overexpressed c-terminal V5 tag 311 and c-terminal DDK-tagged 355 amino acid residues VASH2). The HepG2-VASH2 (311 amino acid residues) nucleus was stained red while the cytoplasm was red in the HepG2-VASH2 (355 amino acid residues) under the fluorescence microscope (Fig. 5) . and decreased DNA synthesis in HepG2-shVASH2 cells after 48-and 72-h incubation (P<0.05 and P<0.001, respectively, vs. HepG2-shcont cells, Fig. 6 ). Compared to the control group, nuclear VASH2 overexpression in the LO2 and HepG2 cells resulted in significantly increased cell proliferation. VASH2 knockdown significantly reduced the proliferation of HepG2-shVASH2 compared to the HepG2-shcont and LO2 cells. These results indicated that nuclear VASH2 promotes cell proliferation. Considering BrdU incorporation can also be used to determine the S phase of the cell cycle (19), we hypothesized that nuclear VASH2 promotes cell proliferation by inducing cell cycle progression to the S phase.
Nuclear VASH2 induces cell cycle progression from G0/G1 to S phase. Compared with the control LO2-EGFP cells, there Fig. 7 ), but a reduced relative proportion of HepG2-shVASH2 cells in the S phase (35.47±10.36 vs. 9.87±3.12%, P<0.01, Fig. 7) . These results suggested that nuclear VASH2 induced cell cycle progression from G 0 /G 1 to the S phase.
Discussion
Previously, it was reported that VASH2 is an angiogenesis factor associated with carcinoma angiogenesis and malignant transformation (1-6). VASH2 knockdown in cancer cells inhibits tumor growth and angiogenesis in an obvious manner (9) . Besides that VASH2 also has shown a strong and extensive ability to promote tumor to EMT, increase the proportion of stem cells and inhibit apoptosis (7, 8) . We generated VASH2 polyclonal antibodies for immunoblotting and IHC (10) . Based on its intracellular locations, we classified VASH2 into nuclear (with 311 amino acid residues) and cytoplasmic types (with 355 amino acid residues) (10) . In the present study, we focused on nuclear VASH2, which, has not yet to be investigated so far.
We analyzed nuclear VASH2 levels in 547 tissue specimens, finding that proliferative cells in normal tissues tended to be nuclear VASH2-positive. Nuclear VASH2 was also expressed in most of the primary malignant tumor specimens, which are always highly proliferative (20) . These observations indicated that nuclear VASH2 may be associated with cell proliferation.
Ki-67 is a good marker for detecting cell proliferation (18) . We found that nuclear VASH2 staining was consistent with Ki-67 staining in normal squamous epithelial, adjacent non-tumor liver and hepatic cancer tissue. There was a high nuclear VASH2 expression in the basal and parabasal layers of the normal squamous epithelial tissue, where cell proliferation is high, whereas nuclear VASH2 was rarely expressed in the superior basal layer, where there is no mitosis or proliferation. In the adjacent non-tumor liver tissues, Ki-67 staining was consistent with that of nuclear VASH2. In malignant hepatic tissues with a strong self-renewal ability, high Ki-67 staining was accompanied by a similarly high nuclear VASH2 staining. There was a significant positive correlation between nuclear VASH2 and Ki-67 staining, which indicates that nuclear VASH2 correlates positively with cell proliferation.
To identify the correlation between nuclear VASH2 and cell proliferation, we established nuclear VASH2 overexpression and knockdown cell models and used them in the BrdU proliferation test. Nuclear VASH2 overexpression in LO2 and HepG2 cells increased BrdU absorbance, while VASH2 knockdown decreased it, with only mitotic S-phase cells incorporating BrdU (21) (22) . Nuclear VASH2 increased the S-phase population and promoted cell proliferation. Based on these findings, we determine that nuclear VASH2 may promote cell progression by regulating the cell cycle.
To confirm this hypothesis, we analyzed the effect of nuclear VASH2 overexpression and knockdown on the cell cycle. Cell cycle analysis showed that VASH2 knockdown in LO2 and HepG2 cells increased the G 0 /G 1 population and decreased the S-phase population and nuclear VASH2 overexpression promoted G 0 /G 1 progression to the S phase. These results indicate that nuclear VASH2 regulates cell cycle progression from G 0 /G 1 to the S phase.
An in vivo tumorigenicity experiment using HepG2 cells reported that VASH2 knockdown inhibited tumor growth significantly, while cytoplasmic VASH2 overexpression did not lead to greater tumor growth compared to the control cells (4) . Using in vitro tetrazolium bromide proliferation assays, Xue et al (4) reported a significantly decreased proliferation rate of HepG2-shVASH2 (VASH2 knockdown) compared to HepG2 cells, while there were no differences between cytoplasmic VASH2-overexpressing HepG2-VASH2 (with 355 amino acid residues) and HepG2 cells. Cytoplasmic VASH2 did not promote cell proliferation in HepG2 cells in vitro and in vivo. The authors attributed this to the possibility that VASH2 expression in HepG2 cells is already relatively high and that the exogenous VASH2 overexpression did not alter its function (4). Both nuclear and cytoplasmic VASH2 were silenced when VASH2 was knocked down by shRNA, but the VASH2 overexpression detected was only that of cytoplasmic VASH2 in the study by Xue et al (4) . In the present study, we confirmed that nuclear VASH2, encoding 311 amino acids, plays a definite role in promoting cell proliferation, where its overexpression (with 311 amino acid residues) induced cell proliferation significantly in HepG2 cells. Previously, we also determined that nuclear VASH2 is dominant while cytoplasmic VASH2 expression is very low in HepG2 cells (10) . Our results are not in concordance with the those of Xue et al (4) who reported that VASH2 expression in HepG2 cells is already relatively high and that exogenous VASH2 overexpression has no effect on cell proliferation. We attribute the effect on HepG2 cell proliferation to nuclear VASH2, not cytoplasmic VASH2. However, we concede that cytoplasmic VASH2 may not promote cell proliferation in HepG2 cells.
Thus, to the best of our knowledge, the present study is the first to identify that nuclear VASH2 promotes cell proliferation. The present study improves the understanding of the functions of VASH2. However, the precise mechanism by which nuclear VASH2 regulates cell proliferation remains to be investigated.
